The oxidation behaviour of a Cr-rich alloy developed for use in solid oxide fuel cell (SOFC) stacks has been investigated in the temperature range from 850-1600°C in air and in a hydrogen-low oxygen partial pressure atmosphere. Severe buckling of the scale is observed when the alloy is exposed to air at high temperature. The buckling may be detrimental for the expected application areas, such as in SOFC stacks. It is demonstrated that heat treatments in a hydrogenlow oxygen partial pressure atmosphere provides a very good adhesion of the formed scale to the underlying metal, even for heat treatments up to 1600°C. The scale remains well-adhering even after a reoxidation in air at 1300°C. Possible reasons for the improved behaviour are discussed.
INTRODUCTION
The Cr 94 Fe 5 (Y203)i (wt.%) alloy has been specially developed III for use in flat-plate solid oxide fuel cell (SOFC) stacks as the interconnector material between the cells. The alloy may also be used for end-plates in SOFC stacks for current take-out, as well as other high-temperature applications.
SOFC stacks operate at high temperatures (in the 800-1100°C range) with air or oxygen on one side and the fuel gas on the other side 111. The fuel may be hydrogen, coal gas, or reformulated natural gas. During stack assembly the temperature may be in the 1000-1300°C range. The stack sintering is typically performed in air but may also be done in a less oxidizing atmosphere, e.g. Ar with traces of oxygen/water may also be used for different reasons.
For the use as an interconnecting material in SOFC stacks the electrical resistance across the scale must be minimized. Therefore, the metal must show good oxidation resistance, the oxide scale must have a relatively good electrical conductivity and the contact between the scale and the metal must be good. The requirement of good electrical area-specific conductivity of the oxide scale limits the choice of alloys to be used in chromia-forming alloys. To assure as high an electrical conductivity as possible the oxide scale must show a minimum of buckling and good adhesion. Another important requirement for the metal is that the thermal expansion is similar to that of the ceramic components of the solid oxide fuel cells. These requirements are, at least to some extent, fulfilled by the Cr94Fe5(Y 2 0 3 )i alloy. In a previous investigation 111 the material was found to be the best candidate among the investigated materials for use as metallic interconnector material in SOFC stacks.
In this work we have investigated the oxidation behaviour and the scale appearance of the Cr 94 Fe5(Y 2 03)i alloy at temperatures up to 1300°C in air and up to 1600°C in a low partial pressure of oxygen.
EXPERIMENTAL
The alloy is prepared by a powder metallurgical method as described in /1,3/. Electrolytically prepared Cr flakes are high-energy ball-milled together with elemental iron as well as yttria particles. The resulting powder is then pressed and sintered in hydrogen. The material is hereafter canned in a steel container which is hot-rolled. The steel can and an inter-diffusion layer is removed after the hot-rolling. The metal sheets are finally alumina-ground. The as-received metal sheets were dry-ground with alumina paper, finishing with a dry polish using 600 grit alumina paper followed by ultra sonic cleaning in acetone.
Long-term isothermal oxidation studies were performed at 850°C and 1000°C in ambient air. The sample weight gains were measured, at room temperature, after exposure times of 450 and 1800 h. Heat treatments between 1200 and 1600°C were performed in air or in Ar-3%H 2 with traces of oxygen and water. The partial pressure of oxygen in the latter case was about 10"
13 Pa.
The distribution of yttria in the as-received alloy sheets was investigated on cross sections. These were chemically etched before the investigations in an optical microscope. The grain structure of the metal matrix was also investigated.
Top-view and cross-sectional scanning electron microscopy (SEM) was performed by the use of a low-vacuum scanning electron microscope (JSM-5310LV). Microstructural investigations of the metal matrix were made in a conventional JSM-840 SEM. Energy-dispersed x-ray (EDX) analyses of the metal matrix and of the oxide scales were also carried out in the JSM-840 SEM for selected samples. In none of the SEM investigations were the samples coated.
X-ray diffraction (XRD) studies of the oxide scales was performed by using Cu-K^ radiation in a STOE diffractometer equipped with a Ge(Li) solid state detector. The diffractograms were obtained by Θ-2Θ scans in reflection mode.
RESULTS AND DISCUSSION

Composition and microstructure of the asreceived alloy
The composition of the delivered C^FesO^Os)! alloy is given in Table 1 . The Fe-content is 5.8 wt%, i.e. slightly higher than the nominal content. If all Y is in the form of Y2O3 the yttria amount is 1.0 wt%, which also is the nominal composition. About 2 mg of The alloy was found to contain both ultrafine and micrometer large yttria particles. EDX analyses of particles in the matrix showed that little or no Cr was present together with Y, i.e. YC1O3 has apparently not formed. The presence of micrometer large yttria particles in the matrix is expected to have little effect on the oxidation resistance. The effect of yttria addition on the corrosion resistance of metals is beneficial when homogeneously distributed and present as nanoparticles /4/. The presence of large yttria particles in the alloy matrix may possibly have a detrimental effect on the mechanical properties. In fact, the alloy is found to be very brittle, which in part can be ascribed to the chromium metal itself. Microstructural investigations of other batches of the same alloy composition have been found to have an even less favorable distribution of yttria particles.
The grains of the metal are, by the use of optical and scanning electron microscopy, found to be irregular and elongated in the rolling direction. The grains are 5-10 μηι in length and 2-5 μηι in width.
Oxidation studies
In order to evaluate the oxidation at typical SOFC stack operation temperatures the weight gain and the scale adhesion after a long-term exposure in air was performed at 850°C and 1000°C. Table 2 shows the weight gain at the two temperatures for the Cr 9 4Fe5(Y20 3 )i samples exposed to air for 450 and 1800 h (the specimens had been cycled to room temperature after an exposure time of 450 h). The final weight gain given in Table 2 is the result of oxygen uptake partly compensated by Cr-oxide evaporation. Assuming the oxide scale consist solely of Cr 2 0 3 (verified by x-ray diffraction and EDX) the weight gains at 850°C and 1000°C, after 1800 h, corresponds to scale thicknesses of about 3 and 6 μηι, respectively. Figure .1 shows a low-vacuum scanning electron micrograph of a cross section of the sample exposed to air for 1800 h at 1000°C. The average scale thickness is about 5 μηι, in good accordance with the weight gain measurements. The scale thickness, however, varies a great deal along the interface. Moreover, the scale appears as a two-layer structure. The laminated structure, with bad adhesion and with few contact points to the metal, is most probably a result of the thermal cycles. Buckling of the scale grown on top of Cr 94 Fe 5 (Y 2 0 3 )i has also been observed by other groups /5,6/. Severe buckling of the chromia scale will be detrimental to the electrical conductivity through the metal-scale interface. The buckling of the scale becomes more severe when the heat treatment is performed at elevated temperatures, say at 1300°C in air 111, which may be a temperature to be used for sealing of the SOFC stack. A top view of scale after a heat treatment at 1300°C in air can be seen in Figure 2 .
It has been demonstrated that a surface coating of nano-scale La-oxide and Sr-oxide particles can significantly improve the scale adhesion 111. We find in this work that heat treatments in a low oxygen partialhigh hydrogen partial pressure atmosphere also can reduce or eliminate buckling, even when heat treatments are made at temperatures as high as 1600°C (cf. Figure 2) . The improved scale behavior can be better seen in Figure 3 where cross sections of the Cr 94 Fe 5 (Y 2 0 3 )i alloy after heat treatments in hydrogen with about 10" 13 Pa oxygen at 1200, 1400 and 1600°C
shows little buckling of the scale. An oxidation at 1300°C in air, following the heat treatment in the low oxygen partial pressure atmosphere, results in a much better scale adhesion than observed for the single step oxidation at 1300°C (cf. Figure 4) . Different reasons for the improved oxidation behavior could be suggested. One reason could be that the smaller number of oxygen atoms available during the heat treatments in «10 13 Pa of oxygen allows a better built-up of the scale-metal interface with a better adhesion as the result. During cool-down from Soven Linderoth Fig. 4 : Cross section of a sample oxidized in air at 1300°C for 2 hours after first being exposed to the hydrogen -low oxygen partial pressure atmosphere at 1200°C for 6 hours.
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high temperature the improved scale adhesion may then be able to stand the stresses induced by the mismatch of the thermal expansion of the scale and the alloy. It is also possible that the presence of hydrogen can remove impurities at the surface that otherwise would be detrimental to the scale adhesion. Hydrogen may also influence the oxidation of chromia-forming alloys /8/. Dissolution of hydrogen in chromia scales has been proposed 19/, which then would affect the defect structure of the scale Hydrogen present in the scale and/or the metal could therefore also influence the mechanical properties of the scale such that, e.g., gliding of the grains and creep could accommodate the induced strains. A low partial pressure of oxygen has also been proposed to increase the ability of the scale to deform /10/. The theory of improved scale deformability, either due to the presence of hydrogen or due to the low partial pressure of oxygen, seems not to be able to explain the observed improvement because reoxidizing the sample in air (cf. Figure 4) still yields an improvement. When the oxidation is done in the low p0 2 atmosphere Cr-nitride formation 151 at or near the scale-metal interface is of course avoided, which may be one reason for the observed improvement of scale behaviour.
It has been shown that the surface of the oxide scale depends on the oxidation conditions /8Λ From x-ray diffraction it may be indicated that the growth of the oxide layer depends on the atmosphere. The texture of the oxide scale is seen to differ when the heat treatment takes place under an atmosphere of hydrogen/low p0 2 or in air (cf. Figure 5) . The different texture could result in an altered mechanical behaviour of the scale.
CONCLUSIONS
The chromia scale grown on top of a Cr-rich alloy with a dispersion of yttria particles has been investigated for oxidation in air as well as hydrogen with p0 2 « 10"
13 Pa. Oxidation in air is found to cause severe buckling. It is found that the buckling may be eliminated by a heat treatment in the hydrogen -low oxygen pressure atmosphere. Good scale adhesion is obtained even for heat treatments up to 1600°C. Reoxidation at 1300°C in air still provides an improved scale behaviour. Various possible reasons for the observed improvement has been put forward. Further investigations are needed.
